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POPULATIONSTRUCTUREANDECOLOGICALEFFECTSOF
THECRAYFISHPACIFASTACUSLENIUSCULUSIN

CASTLELAKE, CALIFORNIA

James J. Elser^, Christopher Junge^,

and Charles R. Goldman^

Abstract. —The recent appearance of the "California crayfish," Pacifastacus li'niii.scuhis, in Castle Lake, California,

and interest in its potential impacts on the lake ecosystem provided motivation for a study of the population structure

and habitat use of this species and its effects on aquatic macrophytes. Mark- recapture studies indicated that the total

number of adult (3+ yr or older) crayfish in the lake was ca 10,100 individuals, yielding an estimate of lakewide crayfish

densit\' in preferred crayfish habitats of 0.13 adults m~2. Using mean body mass of individuals, we estimated that ambi-

ent biomass density was 5.9 g m~^. Length-weight relationships determined for captured individuals were sex depen-

dent, with males having greater body mass for a given carapace length. Length-fiequency and weight-fiequency dia-

grams indicated that P. leniusciihis reaches larger sizes in Castle Lake than do populations of P. leniusculus in ultraolig-

otrophic Lake Tahoe. Population-wide, males were significantly larger in both carapace length and body mass than

females. Wealso examined sex dependence of interhabitat differences in crayfish body size by comparing animals

trapped in rocky areas with those from areas with macrophytes and soft sediments. No significant differences in overall

body size were found between habitats, but a significant habitat-sex interaction term occurred because the sex-depen-

dent size differences were more pronounced in sediment than in rock-y areas. Exclosure and enclosure experiments

indicated that crayfish had large but differential impacts on Castle Lake macrophyte species, as the abundance of two of

the dominant species {Chara sp., Potamogeton richardsonii) declined in the presence of crayfish and, in one case,

increased in exclosures. These effects occurred via both consumptive and nonconsumptive mechanisms. These studies

indicate that an expanding population of P. leiuuscitlus in Castle Lake may be producing sizable impacts on the littoral

zone habitat.
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Littoral zones are important to the dynam- macrophyte species (Lodge 1991). Crayfish

ics of lake ecosystems (Wetzel 1983, Caipen- may be particularly important in influencing

ter and Lodge 1986). Vascular plant communi- the dynamics of littoral zone plant communi-
ties (macrophytes) are particularly important ties because of their diverse feeding modes;

in the littoral zone, providing food resources crayfish may act as predators (consuming
for herbivores, attachment substrata for peri- other littoral zone invertebrates), as herbi-

phyton, and cover for both predators and prey, vores, or as detritivores. Past studies of cray-

Macrophytes are also particularly important in fish impacts on macrophytes indicate that

fueling detritus food chains (Wetzel 1983). their effects occur directly (via both consump-

Traditionally, studies have generally empha- tive and nonconsumptive mortality; Lodge
sized the influence of physical (e.g., light and Lorman 1987) as well as indirectly via

availability or wave action; Spence 1982) and predation on other potential herbivores (Han-

chemical (inorganic carbon; Sand- Jensen son et al. 1990). However, only a few of the 11

1978) factors in regulating littoral zone macro- genera and 300 named species and subspecies

phyte communities; as a result, biotic interac- of crayfish in North America (Bouchard 1978)

tions, particularly herbivory, have been con- have been studied with respect to their poten-

sidered less important (Gregory 1983, Wetzel tial impacts on littoral zone vegetation.

1983). The "California crayfish," Pacifastacus

However, recent experimental studies indi- leniusciihis, is a member of family Astacidae

cate that invertebrate and vertebrate herbi- and includes three subspecies with a range

vores can have large impacts on macrophytes that encompasses northern California and
and that herbivory impacts vary for different much of the Pacific Northwest (Miller 1960).

^Department of Zoology, Arizona State University, Tempe, Arizona 85287.
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Abrahamsson and Goldman (1970) suggested

that P. leniusculus, introduced to Lake Tahoe

at the turn of the century, were important in

determining the distribution of macrophyte

communities at depths less than 50 m. Flint

and Goldman (1975) subsequently supported

this suggestion experimentally, showing that P.

leniusculus controlled Mijriophijllutn at shal-

low depths. Flint and Goldman also demon-

strated that low levels of crayfish grazing

enhanced primary productivity by attached

algae.

In 1988 researchers obsei-ved individuals of

P. leniusculus in the littoral zone of Castle

Lake, where it had been unrecorded previous-

ly during nearly 30 years of ecological

research (Beatty 1968, Swift 1968, Neame
1975, Carlton 1982, Paulsen 1987, Hagley

1988). Therefore, in the summer of 1990 we
began studies designed to evaluate population

size and structure, habitat utilization, and

potential effects on macrophyte communities

oiP. leniusculus in this subalpine lake.

Materials and Methods

Study Site

Castle Lake is a relatively small (20 ha) but

deep (35 m maximum depth) subalpine lake

located in the Siskiyou Mountains of northern

California (Siskiyou County), USA (41°13'N,

122°22'W). The main basin of the lake is rela-

tively steep sided, but the lake contains an

extensive shallow (<4 m) shelf on its northeast

side. Bottom substrates are diverse and
include steep-sided rock faces and boulders in

the vicinity of the lake's cirque face, coarse

particulate-dominated sediments in the vicin-

ity of forested slopes, and flocculent, low-den-

sity organic sediments that cover most of the

bottom of the main basin below depths of 10

m as well as much of the shallow shelf.

According to recent work of Hagley (1988),

the most abundant macrophyte species of Cas-

tle Lake are Isoetes occidentalis (Henders.),

Chara sp., and Potamogeton sp. {P. richardsonii

[(Benn.) Rydb.] is dominant but P. gramineus

[L.] is also present.)

Population Estimates

Estimates of crayfish population abun-

dance were made via the multiple-recapture

Schnabel method (Schnabel 1938), with cap-

turing, marking, releasing, and resampling of

animals occurring at biweekly intervals from

July through mid-September 1990. Animals

were captured using cylindrical nylon-mesh

traps with funneled entrances and baited with

dead fish. Traps were set overnight in shallow

waters (<10 m) in all areas of the lake in late

afternoon or early evening and retrieved in

early morning. To estimate depth distribution

of crayfish in the Castle Lake littoral zone, on

five occasions we established transect trap

lines across the depth contours of the lake to

determine the maximum depths at which
crayfish could be found; each transect sample

consisted of 15 traps placed at 10-m intervals

along a nylon line. These extended to a depth

of ca 25-30 m. Sex, carapace length, and wet

weight of each animal were recorded. Animals

were also classified with respect to areas from

which they were obtained, i.e., rocky bottoms

vs. those with organic sediments. All large ani-

mals (generally >35 mmcarapace length

[CL], age 3''" yr according to Abrahamsson

and Goldman [1970], although similarly sized

individuals in Castle Lake may be younger

than those growing in ultraoligotrophic Lake

Tahoe) were given unique marks via cauteriza-

tion of the carapace (Abrahamsson 1965) and

returned to the lake. We rarely captured

recently moulted crayfish, indicating that the

majority of moulting had occurred prior to our

sampling period. Thus, our results are not

likely to be complicated by potential changes

in trapability in response to moulting events.

A total of 750 animals were eventually marked

during the sampling period.

Exclosure/Enclosure Studies of the

Effects off! leniusculus on Macrophytes

To examine potential ecological effects of

crayfish on the macrophyte communities of

Castle Lake, we performed an 8-wk exclo-

sure/enclosure experiment. Cages consisted of

1 X 1 X 1-m wood-framed cages covered with

0.9-cm mesh nylon netting on sides and top.

Replicate (n = 4) enclosures received either

one or three adult male crayfish (50-52 mm
carapace length, ca 47 g body weight), equiva-

lent to densities of 47 g m-2 and 141 g m-2,

respectively. Adult crayfish were used because

earlier studies suggested that smaller crayfish

tend to be more carnivorous than herbivorous,

while adults are usually primarily herbivorous
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(Abrahanisson 1966). Logistical constraints on

the size of enclosures we could use meant that

enclosure densities were likely higher than

ambient crayfish densities (see Results). Thus,

we also decided to maintain four e.xclosures

that received no additions of crayfish and

were inspected to ensure that no animals had

been enclosed. Results of exclosure treat-

ments thus are critical in assessing whether

potential herbivore impacts detected in enclo-

sures with artificially high animal densities are

likely to be operating in the lake itself Sup-

port for the hx'pothesis that crayfish are exert-

ing an impact on macrophytes in the lake itself

would come not only from depressed biomass

of macrophytes in enclosure treatments but

more importantly from increases in macro-

phyte biomass in exclosures where macro-

phytes are protected from ambient grazing

intensity. When each exclosure or enclosure

was positioned, a control section of equal area

was also delineated to be sampled at the end

of the experiment to enhance the power of sta-

tistical analyses. Without paired control areas,

high site-to-site variation in local macrophyte

abundance might overwhelm treatment

effects even if treatments substantially altered

local macrophyte abundance. Thus, a total of

eight enclosures and four exclosures, each

with a paired control area, were monitored.

Cages, with control areas, were placed

along the 3-5-m contour interval within vege-

tated areas of the lake. Cages were checked at

weekly intervals via scuba, and crayfish were

added to enclosures from which animals had

escaped (this happened twice); no crayfish

were observed inside exclosures. At the end of

the S-wk period, the above-sediment portions

of all submersed macrophytes in each cage

and control area were harvested, sorted by

species, drained, and weighed to the nearest

gram.

Results and Discussion

The estimated population size of adult P.

leniusculiis (i.e., individuals > 3 yr) in Castle

Lake obtained using the Schnabel method was

10,100 ± 23 (SD) individuals. Our trap tran-

sects across depth contours in the lake indicat-

ed that crayfish did not generally inhabit bot-

tom areas below 10 m, as at these depths the

bottom is dominated by soft, flocculent sedi-

ments. Likewise, animals were rarely caught

in traps placed in much of the shallow shelf

area of the lake, which is also dominated by

soft sediments lacking macrophyte develop-

ment. Thus, we then estimated the total

amount of crayfish habitat as the total bottom

area shallower than 10 m (117,000 m-) minus

the estimated area of the shallow shelf domi-

nated by soft sediments (ca 42,400 m^), yield-

ing a total habitat area of ca 74,600 m^. Thus,

average crayfish densities in Castle Lake were

approximately 0.13 adults m--. This estimate is

somewhat lower than, for example, the esti-

mates of densities of P. leniusculiis made by

scuba census and trapping efficiency in ultra-

oligotrophic Lake Tahoe (0.16-5.85 adults m--)

and oligotrophic Donner Lake (0.23-0.44

adults m-2) reported by Abrahamsson and

Goldman (1970), Flint and Goldman (1977),

and Goldman and Rundquist (1977). Some of

this discrepancy may reflect differences in

methodology (mark-recapture, which focused

only on adults, vs. scuba census or trapping

efficiency methods, which included juvenile

animals). In addition, our estimate is likely to be

on the low side as we conservatively included

bottom areas down to 10 malthough our tran-

sect data indicate that a majority of catches

were made at depths shallower than 5 m.

Therefore densities in the habitat areas pre-

dominantly used by P. leniusculiis in Castle

Lake are likely higher and likely approach the

lower end of the range reported for Lake

Tahoe (ca 0.2 adults m-^).

By stratifying the population estimates

based on relative catches in different parts of

the lake, we estimated populations of 8000

individuals in rocky-bottomed areas of the

lake and 2100 in macrophyte-dominated

areas. Average body mass (male and female) of

sampled crayfish was 45.6 g, and therefore

areal biomass of crayfish in Castle Lake was

5.9 g m-2. The sex ratio for animals in all

catches was 0.90 (female:male).

Length and wet-weight measurements

were made on approximately 1188 animals

during the course of the sampling season.

Length-weight relationships differed signifi-

cantly for males and females (based on confi-

dence limits on the slopes of the length-

weight relationships), with males having

greater body mass for a given carapace length,

especially at larger sizes (Fig. 1). This may

reflect the fact that male chelae undergo allo-

metric growth during ontogeny, while female
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Fig. 2. Length-frequency (A) and weight-frequency (B) diagrams for male and female crayfish. Males were significant-

ly (P < .05) larger and heavier than females.

and defense and aggressive displacement in

different habitats, as well as the sex-depen-

dence of these phenomena, are needed to

elaborate on these possibilities.

Our enclosure/exclosure experiment indi-

cates that P. leniuscuhis exerts substantial

grazing pressure on the afjuatic macrophytes

of Castle Lake, as both total biomass and bio-

mass of certain species responded to the pres-

ence or absence of crayfish (Fig. 4). However,

densities of crayfish used in the experimental

enclosures (one or three adult male crayfish

per square-meter enclosure) exceeded our

estimates of ambient densities of adult cray-

fish in the lake (ca 0.15-0.20 crayfish m-^) by

more than fivefold. High densities of crayfish

in enclosures were the necessary result of hav-

ing to construct enclosures of manageable size

that would not disturb, or be disturbed by,

other human users of the lake. The observation
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some insights into the impacts on macro-

phytes of further population development of P.

leniusculus, providing an additional iUustra-

tion of the effects of invading species on

aquatic ecosystems.
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